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Abstract 
We studied the effects of thermal annealing on the interfacial properties of atomic-layer-deposited alumina (Al2O3) films and 
aluminum oxide/silicon nitride (AlOx/SiNx) stacks on silicon. Thermal treatment was found to have a significant effect on the 
lifetime improvement, owing to full activation of field-effect passivation, which can be realized with an increased flat-band 
voltage (Vfb). The presence of a capping SiNx layer itself and/or during deposition is suspected to cause distribution of unstable 
negatively charged traps in the AlOx/SiNx stacks, resulting in a slight reduction in lifetime with inversely improved Vfb. The 
interface trap density, an indicator of chemical passivation, remains at the same order of magnitude after thermal treatment and 
SiNx deposition, suggesting that atomic-layer deposition induces a high passivation quality. These results suggest that 
consideration of thermal-annealing effects and SiNx deposition conditions are crucial for improving the quality of passivation 
stacks at the rear of passivated emitter rear contact (PERC) cells and, consequently, the high performance of PERC cells. 
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1. Introduction 
The concept of advanced silicon-based solar cells with a dielectric passivation layer at the rear of the cell is one of 
the most promising structures for changing the conventional cell into a more-efficient passivated emitter rear contact 
(PERC) cell. The presence of a passivation layer at the rear of the cell permits low surface-recombination velocities, 
a steadier flow of electrons, and an improved performance [1–5]. Consequently, excellent rear-surface passivation is 
essential, and is one of the most important issues in improving the efficiency of PERC structures. 
Aluminum oxides (Al2O3 or AlOx) are an outstanding choice of material for rear-surface passivation of PERC 
cells, owing to their remarkable potential for chemical surface passivation combined with field-effect passivation by 
negative fixed charges [5–8]. An excellent chemical passivation layer will bind dangling bonds and will decrease the 
interfacial trap density (Dit). Field-effect passivation creates a built-in electric field with electrostatic charges near 
the silicon surfaces to repel electrons or holes, leading to reductions in surface concentrations of minority carriers. 
Importantly, an Al2O3 dielectric induces an accumulation layer, resulting in a reduction in the effective surface-
recombination velocity [9]. It also suppresses the parasitic shunting effect of a silicon nitride (SiNx) antireflection 
coating on the rear of p-type silicon-based solar cells that would otherwise reduce the short-circuit current density 
[2]. Several methods, such as the deposition of AlOx by plasma-enhanced chemical-vapor deposition (PECVD) 
[7,8,10] or by reactive sputtering [11,12], or the deposition of Al2O3 by atomic-layer deposition (ALD) [9], have 
been successfully developed for the fabrication of high-efficiency solar cells. In particular, it has been shown in 
many extensive experiments [6,9,13] that dielectric ALD Al2O3 films offer a negative-fixed-charge density (Qf) of 
up to 1012 to 1013 cm–2 with a sufficiently low Dit of ~1011 eV–1·cm–2 at the silicon surface. However, atomic-layer 
deposition methods are not sufficiently scalable to permit high-throughput processing, unlike deposition of AlOx by 
reactive sputtering or PECVD, which has already been implemented in the manufacture of conventional Si solar 
cells; however, these two methods do not give comparable results to ALD. In most techniques for deposition of 
Al2O3, post-deposition annealing is essential to activate the chemical and field-effect passivation mechanisms of 
Al2O3 on the Si surface. It has been shown that the negative Qf value increases whereas the Dit decreases after 
annealing [4–6,9,14]. Hoex et al. [9,14] reported that a post-deposition annealing for 30 minutes at 425 °C under N2 
was required to obtain a high level of surface passivation for ALD Al2O3 films, owing to local reconstruction of the 
Al2O3, and the consequent increase in the density of negative Qf at the interface. As a result, methods for improving 
the quality of passivation by applying thermal treatments have been the subject of numerous investigations. 
Here, we attempt to clarify the effects of annealing on surface passivation of ALD Al2O3 films as well as on 
aluminum oxide/silicon nitride (AlOx/SiNx) stacks for Si-based PERC solar cells. A possible mechanism underlying 
the effect of thermal annealing on electrical activity is discussed, particularly in terms of field-effect passivation 
based on the flat-band voltage shift, an understanding of which is necessary to achieve further improvements in 
PERC technology.  
2. Experimental details 
The samples used consisted of p-type Czochralski silicon (CZ-Si) wafers (156 mm × 156 mm × 200 ȝm) with a 
resistivity in the range of about 2.3 to 2.9 ȍ·cm. After saw-damage etching and standard RCA cleaning, 20-nm-
thick films of Al2O3 were deposited on both sides of the Si substrates by thermal ALD (Ulvac, Inc., Methuen, MA). 
After surface passivation, the wafers were annealed for 30 minutes under N2 at 450 °C in a quartz-tube furnace. This 
was followed by deposition of an 80-nm-thick layer of SiNx with a refractive index of 2.1 on both sides by PECVD 
at 450 °C. The electrical properties and surface passivation of the films and the AlOx/SiNx stacks were investigated 
by means of microwave photoconductance decay and contactless corona-voltage measurements (Semilab PV-2000, 
Budapest) before and after thermal annealing. The contactless corona-voltage technique uses corona charging to 
deposit an electric charge on a dielectric thus changing the electric field in the dielectric film and in the 
semiconductor. Corona charging changes the surface band bending in the silicon wafer and the flat-band voltage 
(Vfb) is obtained when there is no band bending observed upon corona charging [15]. Note that lifetime 
measurements were taken at a low injection level of 1.5 × 1013 cm–3 for all samples. 
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3. Results and discussion 
 
Fig. 1. Correlation between (a) lifetimes and (b) flat-band voltages (Vfb) of as-deposited Al2O3 films, annealed Al2O3 films, and annealed Al2O3 
capped with a SiNx layer, respectively. Note that the open squares in Figs. 1a and 1b refer to nonannealed AlOx/SiNx stacks. 
The relationship between the improved lifetimes and the shifted Vfb of annealed Al2O3 films and annealed Al2O3 
capped with a SiNx layer is shown in Fig. 1. Fig. 1 clearly shows an increase in the lifetime of the annealed Al2O3 
films with increasing Vfb, indicating full activation of field-effect passivation at the interfacial layer at the Al2O3–Si 
interface. These results agree with previous reports [6,9,11,13–19] that thermal annealing under certain conditions is 
crucial for full activation of field-effect passivation; this is directly related to the formation of a negative Qf, which 
can assist in repelling electrons in the conduction band (p-type). When accompanied by a strong hole-accumulation 
layer at the valence band, a reduction in the surface-recombination velocity can occur. The presence of a hole-
accumulation state can be realized by the shift in Vfb, showing that the band bends at the interface on the energy-
band diagram [20]. Note that an interfacial layer of silicon oxide (SiOx) 2–3 nm thick was formed between the 
silicon and the dielectric films after annealing at 450 °C for 30 minutes. This interfacial layer, which usually 
contained a positive Qf, might also play a role as a barrier for reducing the accumulation state. 
In this work, the as-deposited/annealed Al2O3 films were capped with an 80-nm PECVD-SiNx layer, which serves 
as both an antireflection coating for improved rear reflection and as a barrier layer, protecting the dielectric films 
from damage caused by the screen-printed metal paste on the rear of p-type solar cells. Although several studies 
have recently been made of surface passivation by AlOx/SiNx stacks [7,8,21,22], the effect of adding a  SiNx capping 
layer on the passivation quality of the stacks and its possible mechanism remain unclear, owing to variations in the 
relevant materials and process parameters. When an annealed Al2O3 film is capped by a SiNx layer, the lifetime 
decrease slightly with increasing Vfb. It is interesting that Vfb increased after SiNx capping of the annealed films in 
which field-effect passivation should already have been fully activated. Whereas partially activated field-effect 
passivation is suspected to occur at low Vfb for nonannealed AlOx/SiNx stacks, a significant increase in the Vfb, 
inversely correlated with a decreased lifetime, was observed. This might indicate that another mechanism is 
involved in improving the value of Vfb through deposition of SiNx. 
It has been reported that the origins of the negative fixed charge are an aluminum vacancy and the presence of 
interstitial oxygen (Oi) [23]; both defects are likely to trap negative charges [17], including extrinsic defects such as 
interstitial hydrogen (Hi) [24]. Kimoto et al. [25] reported that the existence of negatively charged tetrahedral AlO4 
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becomes more dominant near the interface as a result of the presence of a negative fixed charge. Töfflinger et al. 
[6,7] found that a thermal budget during SiNx deposition can activate negatively charged traps in AlOx/SiNx, in 
addition to the stable negative fixed charges formed during the annealing process. However, these negatively 
charged traps are unstable and are reduced when moderate voltages are applied, as a result of electron detrapping 
and injection into the silicon. On the basis of the results presented in this work, it remains a possibility that a 
deposited SiNx layer might have a strong impact on field-effect passivation by somehow activating unstable charge 
traps/electron traps in the Al2O3 films [4,7,8], resulting in a higher Vfb with lower lifetime, as observed for 
nonannealed stacks. These unstable negatively charged traps might respond to a reduction in the lifetime of the 
stacks. 
 
 
Fig. 2. Ideal schematic illustrations of the surface-band diagrams of p-type silicon with (a) annealed Al2O3 capped with a SiNx layer, and (b) 
nonannealed AlOx/SiNx stacks (bandgaps are not to scale). 
The ideal surface-band-bending diagrams of p-type silicon with annealed Al2O3 capped by a SiNx layer or by 
nonannealed AlOx/SiNx stacks, related to the measured Vfb shifts shown in Fig. 1b, are presented in Fig. 2. Full 
activation of field-effect passivation, originating from the annealing process, induces a slight upward bend in the 
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band in comparison with the as-deposited state. When a SiNx capping layer was present on annealed or nonannealed 
Al2O3 (Figs. 2a and 2b), unstable, negatively charged, traps that originated during SiNx deposition were activated in 
the Al2O3 films, giving rise to greater upward bending of the band. Despite the large increases in Vfb for nonannealed 
AlOx/SiNx stacks, the lifetime showed a net reduction, indicating poor stability of Al2O3 as a result of thermal effects 
during SiNx deposition (450 °C, ~1 min). For solar-cell applications, a stable field-effect passivation can be achieved 
by the annealing process, resulting in a longer lifetime, as indicated by the greater stability of negative oxide charges 
located near the Al2O3–Si interface. 
With respect to chemical passivation, the Dit values were found to be in the range 1010 to 1011 eV–1·cm–2, and they 
remained of the same order of magnitude after annealing and SiNx deposition. Typically, Dit is attributed to 
interfacial hydrogenation of dangling bonds introduced during thermal treatment [26–28]. In this work, the films 
were annealed under pure N2, so that the hydrogen is presumably not provided by the environment. This means that 
the hydrogen present in the as-deposited films plays an important role in achieving chemical passivation by 
diffusing from the hydrogen-rich bulk of the oxide films and saturating the dangling bonds of silicon at the interface. 
Hydrogen can diffuse in the Al2O3 films in its molecular (H2) as well as its atomic (H) form in a manner critically 
dependent on the annealing temperature and the structural properties of the Al2O3 [29]. It is possible that in this 
work, a high quality of chemical passivation had already been achieved by the ALD technique, as no significant 
change in the Dit values was observed for any of the samples. 
4. Summary 
We investigated the effects of thermal annealing on the surface passivation of ALD-Al2O3 films and of AlOx/SiNx 
stacks on silicon. A better understanding is still required for improving the rear side of PERC cells particularly in 
relation to the effects of thermal annealing on field-effect passivation and chemical passivation. Lifetimes of Al2O3 
films are improved after thermal treatment, as a result of the full activation of field-effect passivation, resulting in a 
lower surface-recombination velocity, which can be realized with an increased Vfb. After capping with a SiNx layer 
the annealed Al2O3 films showed a slightly reduced lifetime and an increased Vfb. This might indicate the 
involvement of another mechanism that can improve the Vfb during SiNx deposition, because the field-effect 
passivation should already have been fully activated. These results suggest that a SiNx capping layer somehow plays 
an important role in the passivation quality, in which both activation of field-effect passivation and the presence of 
the SiNx capping layer might somehow induce charge instabilities and redistribution of unstable negatively charged 
traps in the AlOx/SiNx stacks. Chemical passivation, as indicated by the Dit values, remains of the same order of 
magnitude after both thermal treatment and SiNx deposition, indicating that ALD might be suitable as a passivation 
technique for the rear sides of PERC cells. This result suggests that consideration of thermal annealing effects and 
SiNx deposition conditions are crucial and might result in lifetime improvement and improved performance of PERC 
solar cells. 
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